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Protein kinase B (PKB)/Akt is known to promote cell migration, and this may contribute to the enhanced
invasiveness of malignant cells. To elucidate potential mechanisms by which PKB/Akt promotes the migration
phenotype, we have investigated its role in the endosomal transport and recycling of integrins. Whereas the
internalization of av33 and o531 integrins and their transport to the recycling compartment were independent
of PKB/Akt, the return of these integrins (but not internalized transferrin) to the plasma membrane was
regulated by phosphatidylinositol 3-kinases and PKB/Akt. The blockade of integrin recycling and cell spread-
ing on integrin ligands effected by inhibition of PKB/AKkt was reversed by inhibition of glycogen synthase kinase
3 (GSK-3). Moreover, expression of nonphosphorylatable active GSK-33 mutant GSK-33-A9 suppressed
recycling of 51 and av33 and reduced cell spreading on ligands for these integrins, indicating that PKB/Akt
promotes integrin recycling by phosphorylating and inactivating GSK-3. We propose that the ability of
PKB/Akt to act via GSK-3 to promote the recycling of matrix receptors represents a key mechanism whereby
integrin function and cell migration can be regulated by growth factors.

Engagement of integrins with the extracellular matrix (ECM)
is known to be required for a range of biological processes,
including cell proliferation and migration and, importantly, the
prevention of apoptosis and anoikis (37). It is now clear that
integrin function is influenced by the endosomal and recep-
tor recycling pathways, and some of the Rab GTPase- and
dynamin-dependent steps that are responsible for this have
now been described (31, 35). Furthermore our laboratory has
reported that growth factor stimulation influences the Rab-
dependent recycling of integrins (35), but the intracellular sig-
naling pathways that mediate this effect are unknown.

Growth factor-regulated, class I phosphatidylinositol 3-ki-
nases [PI(3)Ks] regulate postendocytic trafficking and recycling
of various receptors and transporters (19, 42), and it is now
established that regulated recycling of the GLUT4 transporter
requires the activity of p85/p110 PI(3)K in adipocytes and mus-
cle cells (43, 45). Protein kinase B (PKB)/Akt is activated down-
stream of class I PI(3)Ks and is known to be involved in many
cellular processes, including vesicular trafficking (25), and it is
now apparent that PKB/Akt plays a key role in regulating GLUT4
recycling (16). A number of reports have shown that inactivation
of PKB/Akt opposes the ability of insulin to activate GLUT4
translocation, and constitutively active mutant PKB/Akt pro-
teins increase delivery of GLUT4 to the plasma membrane in the
absence of insulin stimulation (13, 15, 46). It has been shown
that GLUT4 is recycled to the plasma membrane via Rab4- and
Rab11-dependent pathways (7, 8, 49), similar to those found for
integrins (35), suggesting that GLUT4 and integrin recycling
pathways may have similar mechanisms of regulation.
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The various physiological functions of PKB/Akt are brought
about by phosphorylation of several target molecules including
Bad, caspase 9, Raf, and glycogen synthase kinase 3 (GSK-3)
(25). GSK-3 is inactivated by phosphorylation of an N-terminal
serine residue, Ser?! in GSK-3-a and Ser® in GSK-3-B. Al-
though GSK-3 was originally identified as a kinase that phos-
phorylates glycogen synthase, more recently it has become
apparent that GSK-3 acts on a broader range of substrates
including tau, B-catenin, eukaryotic initiation factor 2B (6),
and the microtubular motor, kinesin (30). PKB/Akt and phos-
pho-GSK have both been localized to the leading edge of
migrating cells and have been shown to influence the motility
of a number of cell types (5, 20). Inside-out activation of
integrins is also thought to be key to the coordination of cell
migration, and the activation of av3, a5p1, avBS, and a2p1
integrin heterodimers is mediated by PKB/AKkt (5). Activation
of integrins is likely to involve the regulation of integrin recy-
cling, and it is, therefore, possible that PKB/Akt and GSK-3
are involved in the transport of integrins in the endosomal
pathway and/or the recycling pathway. Here we present evi-
dence for the involvement of PI(3)K and PKB/AKkt in integrin
trafficking and cell spreading and show that these processes are
likely to be promoted by inactivation of GSK-3.

MATERIALS AND METHODS

Expression plasmids. av, 33, o5, and B1 integrins and N121IRab4, wild-type
Rabl1 (wt-Rab1l), N124IRab11, and S24NRabl1 were expressed by pcDNA3
and have been described previously (35). Hemagglutinin (HA)-PKB-a, HA-
PKB-AAA (K179/A, T308/A, S473/A), HA-membrane targeted PKB-o (memb-
PKB-a), and HA-PKB kinase dead (K179/A) were expressed by the pCMV5
vector and have been described previously (50); they were a generous gift from
D. Alessi (University of Dundee, Dundee, United Kingdom). memb-PKB-estro-
gen receptor (ER; conditionally active, membrane targeted) has been described
(23, 27) and was a generous gift from M. McMahon (University of California).
The green fluorescent protein (GFP)-early endosomal antigen 1 (EEA1) fusion
(GFP-EEAL1) was expressed by the pEGFP-C1 vector. The myc-tagged human
transferrin receptor (myc-hTfn-R) was expressed by the pCB7 vector and was
described previously (29). The mU6pro vector was used for the expression of
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RNA duplexes (48, 52). A gene-specific sequence identical in the human and
murine genes encoding Aktl and Akt2 was targeted (5'-GT CGC TGC CTG
CAG TGG ACC AC-3) (11). EcoRI/NotI fragments of human GSK-3B-A9 and
-F216 cDNAs were subcloned from pcDNA3 (14) into EcoRI/HindIII sites in the
pCMVS5 expression vector (Notl and HindIII restriction sites were end filled to
create blunt ends with T4 DNA polymerase). All plasmids were purified by CsCl
banding prior to transfection.

Cell culture and transfection. NIH 3T3 mouse fibroblasts were grown in
Dulbecco’s modified Eagle’s medium (DMEM) as described previously (35). For
assays of receptor internalization, integrin recycling, cell spreading, and receptor
localization by immunofluorescence, NIH 3T3 fibroblasts were grown to 50%
confluence, fed with fresh DMEM containing 10% fetal calf serum, and trans-
fected with Fugene 6 (Roche) according to the manufacturer’s instructions. The
ratio of Fugene 6 to DNA was maintained at 3 ul of Fugene 6:1 pg of DNA.

For the '*I-transferrin recycling assays, transfections were carried out by
using the Amaxa Nucleofector system. Briefly, cells were grown to 80% conflu-
ence, removed by trypsinization, washed in phosphate-buffered saline (PBS), and
resuspended in Amaxa solution R together with 10 pg of DNA for either
wt-PKB-a, PKB-AAA, Mub6pro, or Mub6pro-akt1/2. Following electroporation
(in Nucleofector; program T-20), the cells were replated in eight-well dishes. All
experiments were carried out 24 h posttransfection, and cells were serum starved
for 30 min prior to labeling of cell surface receptors.

Internalization and recycling assays. Receptor internalization and integrin
recycling assays were performed as described previously (35). Detection of bio-
tinylated receptors was by capture enzyme-linked immunosorbent assay (ELISA)
as previously described (35) with microtiter wells coated with 5 ug of monoclonal
anti-human B3 (Pharmingen; clone VI-PL2) and o5 (Pharmingen; clone VCS5)
integrins or anti-human transferrin receptor (CD71) (Pharmingen; clone
M-A712)/ml. '*I-transferrin recycling assays were performed essentially as de-
scribed previously (47) with some modifications. Briefly, serum-starved cells were
incubated with '*I-labeled transferrin (NEN; NEX212; 0.1 pCi/well) for 1 h at
4°C in PBS with 1% (wt/vol) bovine serum albumin (BSA). The tracer was
allowed to internalize for 15 min at 22°C (to label early endosomes) or 30 min at
37°C (to label the recycling compartment). Tracer remaining at the cell surface
was removed by incubation with acid-PBS (corrected to pH 4.0 by the addition
of HCIl) at 4°C for 6 min, and the tracer was allowed to recycle at 37°C in
serum-free DMEM supplemented with 1% BSA and 50 uM desferoxamine
(Sigma; D9533). The quantity of '°I recycled into the medium is expressed as a
percentage of the number of counts incorporated during the internalization period.

For internalization assays 100 nM wortmannin (Sigma; W1628) and 60 pM
LY294002 (Calbiochem; 440202) were added during the last 10 min of the serum
starvation period and maintained throughout the internalization period. For
integrin recycling assays, these reagents were added for the last 10 min of the
internalization period and maintained throughout the recycling period. For ex-
periments involving the inhibition of GSK-3, 20 mM LiCl (Sigma; L-8895), 10
M SB216763 (Affiniti; EI-312), and 30 uM SB415286 (Affiniti; EI-311) were
included only during the recycling period.

Immunofluorescence. For tracking the endocytic transport of receptors, NIH
3T3 fibroblasts were plated onto glass coverslips and grown to 50% confluence
and then transfected with human avB3 integrin or human transferrin receptor in
combination with either GFP-EEAL1 or wt-Rab11 and either wt-PKB-a or dom-
inant negative PKB-AAA by using Fugene 6. Under the transfection conditions
employed the PKB constructs were found to be expressed in all integrin and
transferrin receptor-expressing cells. Surface receptors were tagged by incuba-
tion with 2 pg of a mouse anti-B3 monoclonal antibody (Pharmingen; clone
VI-PL2; dialyzed against PBS to remove sodium azide)/ml or 60 wug of Texas
Red-conjugated transferrin (Molecular Probes; T-2875)/ml for 30 min at 4°C in
PBS containing 0.1% (wt/vol) BSA. The tracer was allowed to internalize for 15
min at 22°C or for 30 min at 37°C, and the cells were rapidly cooled to 4°C.
Tracer remaining at the cell surface was removed by a low-pH wash at 4°C as
described above, and the cells were fixed in 4% paraformaldehyde and perme-
abilized in 0.2% Triton X-100. Internalized anti-B3 was visualized with Texas
Red-conjugated anti-mouse antibody (Southern Biotechnology; 1030-07), and
the cells were counterstained with rabbit anti-Rab11 (Zymed; 71-5300) followed
by fluorescein isothiocyanate (FITC)-labeled anti-rabbit antibody (Southern Bio-
technology, 4050-02) where appropriate.

Cell spreading assays. Cell spreading assays were carried out on 24-well tissue
culture plates which were coated overnight at 4°C with fibronectin (Sigma;
F-1141) or vitronectin (Sigma; V-8379) at a concentration of 20 pg/ml and then
blocked with 2% BSA. Cells were allowed to spread for 1 h and, where appro-
priate, 100 nM wortmannin, 60 mM LY294002 (Calbiochem; 440202), 20 mM
LiCl, and 30 nM SB415286 (Affiniti; EI-311) were added 5 min after cell attach-
ment and maintained throughout the spreading period. Attached cells were fixed
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for 1 min in 0.2% glutaraldehyde containing 5 mM EGTA, and B-galactosidase-
expressing cells were visualized by incubation with 5 mM potassium ferricyanide
and 1 mg of X-Gal (5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside) over-
night at 37°C. To obtain an index of cell spreading, the area of cells expressing
B-galactosidase was determined by delineation of the cell envelope using the
National Institutes of Health Image software.

RESULTS

Integrin and transferrin receptor endocytosis does not re-
quire PI(3)K or PKB/Akt. To determine whether the activity of
PI(3)K is necessary for the endocytosis of avB3 and «581 in-
tegrins and Tfn-R, receptor internalization was measured fol-
lowing treatment of NIH 3T3 fibroblasts with 100 nM wort-
mannin. The assays were conducted in the presence of 0.6 mM
primaquine in order to negate the effect that membrane recy-
cling has on measurements of endocytosis. All three receptors
were internalized rapidly following transfer of the cells to 37°C,
and the rate and extent of endocytosis were unaffected by
wortmannin (Fig. 1A to C). PKB/Akt is activated downstream
of wortmannin-sensitive PI(3)Ks, so, to oppose the activity of
this, we used a mutant PKB/Akt (PKB-AAA) in which the ac-
tivator phosphorylation sites Thr*®® and Ser*”* as well as the
Lys'” in the kinase domain have been replaced by alanine resi-
dues (50). As indicated in Fig. 1D, expression of PKB-AAA op-
posed both the basal and growth factor-induced phosphoryla-
tion of the well-characterized PKB/Akt substrate GSK-3B. Given
the insensitivity of internalization to wortmannin treatment, it
seemed unlikely that integrin internalization would be sensitive
to the expression of PKB-AAA. Indeed, the dynamics of integrin
and Tfn-R internalization were the same irrespective of over-
expression of wild-type or dominant negative PKB constructs
(Fig. 1E to G). These data indicate that integrin and Tfn-R en-
docytosis does not require the activity of PI(3)K or PKB/Akt.

Trafficking to early endosomes and the recycling compart-
ment does not require PKB/Akt. Following internalization, re-
cycling receptors are known to pass through early endosomes
and then to accumulate in the Rabl1-positive recycling com-
partment prior to their return to the plasma membrane. To
determine whether this was influenced by the activity of PKB/
Akt, cells were pulse-labeled with an anti-B3 monoclonal an-
tibody or Tfn and incubated at 22°C for 15 min or at 37°C for
30 min. Tracer remaining on the cell surface was removed by a
low-pH wash at 4°C, and internalized tracer was visualized with
respect to GFP-EEA1 (a marker for early endosomes) or
Rabl11 (a marker for the perinuclear recycling compartment).
Following the shorter internalization period, both av@3 and
Tfn-R became closely colocalized with EEAL1 in early endo-
somes (Fig. 2A to D). Longer internalization times resulted in
these receptors being transported out of early endosomes, and,
after 30 min at 37°C, both av3 and Tfn-R accumulated in the
perinuclear recycling compartment and colocalized closely
with Rab11 (Fig. 2E to H). Furthermore, both the transport of
integrin and Tfn-R to the early endosomes and their subse-
quent accumulation in the recycling compartment were iden-
tical irrespective of the expression of wt-PKB-a or dominant
negative PKB-AAA (Fig. 2).

Integrin, but not Tfn-R, recycling requires PI(3)K and PKB/
Akt. Having established that both integrin internalization and
its transport through early endosomes to the recycling com-
partment were independent of PKB/Akt, we proceeded to de-
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FIG. 1. Receptor internalization does not require PKB/Akt. NIH 3T3 fibroblasts were transfected with human avf3 (havp3) (A and E), ha5B1
(B and F), or hTfn-R (C and G) together with wt-PKB or PKB-AAA. Cells were serum starved for 30 min at 37°C with the inclusion of 100 nM
wortmannin (WMN) or dimethyl sulfoxide (DMSO) for the last 10 min of the starvation period and then surface labeled with 0.2 mg of
N-hydroxysuccinimide-S-S-biotin/ml at 4°C for 30 min. Internalization was determined by warming the cells to 37°C for the times indicated in the
presence of 0.6 mM primaquine. Biotin was released from proteins remaining at the cell surface by incubation with B-mercaptoethanesulfonic acid
(MESNa), and biotinylated proteins were determined by capture ELISA with microtiter wells coated with monoclonal antibodies against h33 (A
and E) and ha5 (B and F) integrins or human CD71 (C and G). Values are means * standard errors of the means (n > 4). For analysis of cellular
phospho-GSK-3 levels, cells were transfected with wt-PKB or PKB-AAA by using the Amaxa Nucleofector. Cells were then serum starved and
incubated in the presence and absence of 10 ng of PDGF-BB/ml for 10 min. Cell lysates were then probed for the presence of GSK-3p

phosphorylated at Ser® and total GSK-3B by Western blotting (D).

termine whether the recycling of integrins from these compart-
ments to the plasma membrane was regulated by PI(3)K and
PKB/AKkt. Initially we concentrated on the platelet-derived
growth factor (PDGF)-regulated avB3 recycling that we have
previously shown to be dependent on Rab4 (35). Cells were
surface labeled, internalization was allowed to proceed for 15
min at 22°C to allow integrin to accumulate in early endo-
somes, and recycling was determined in the presence and ab-
sence of PDGF as described previously (35). Wortmannin
treatment and expression of PKB-AAA both suppressed
PDGF-stimulated avp3 recycling by ~50% (Fig. 3A), indicat-
ing that growth factor-stimulated integrin recycling was depen-
dent, at least in part, on the PI(3)K/PKB signaling axis.
Recycling of avB3 and «5B1 integrins occurs from the pe-

rinuclear recycling compartment in the absence of growth fac-
tor addition. We wished, therefore, to determine the depen-
dence of this basal recycling pathway on PKB/Akt. Cells were
surface labeled, and internalization was allowed to proceed for
30 min at 37°C to accumulate integrin in the perinuclear recy-
cling compartment. Recycling was then determined in the ab-
sence of growth factor. Dominant negative PKB-AAA pro-
foundly inhibited the recycling of avB3 (Fig. 3B) and a5B1
(Fig. 3C) from the recycling compartment, as did wortmannin
and the structurally unrelated inhibitor of PI(3)K, LY294002.

Overexpression of inactive forms of kinases can result in
“sideways” inhibition of other pathways under the control of
the same upstream kinases (25). For instance, overexpression
of PKB-AAA may prevent phosphorylation of PKC-{ by 3-
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FIG. 2. Transport of av3 and Tfn-R to early endosomes and the recycling compartment does not require PKB/Akt. NIH 3T3 fibroblasts were
transfected with GFP-EEA1 in combination with human avB3 (havB3; A and B) or hTfn-R (C and D) together with wt-PKB (A and C) or
PKB-AAA (B and D). Alternatively, cells were transfected with Rab11 in combination with havB3 (E and F) or hTfn-R (G and H) together with
wt-PKB (E and G) or PKB-AAA (F and H). Surface receptors were tagged by incubation with a mouse anti-B3 monoclonal antibody (A, B, E,
and F) or Texas Red-conjugated Tfn (C, D, G, and H), and the tracer was allowed to internalize for 15 min at 22°C (A to D) or 30 min at 37°C
(E to H). Tracer remaining at the cell surface was removed by a low-pH wash at 4°C, and the cells were fixed and permeabilized with detergent.
Internalized anti-B3 was visualized with Texas Red-conjugated anti-mouse antibody (A, B, E, and F), and the cells were counterstained with rabbit
anti-Rab11, followed by detection with a FITC-conjugated anti-rabbit antibody (E to H). GFP-EEA1 and FITC fluorescence is shown in green,
Texas Red fluorescence is shown in red, and yellow indicates colocalization of the two fluorophores. The boxed areas are shown enlarged by a

factor of 3.9 in panels B’, D', F’, and H'. Scale bar, 16 pm.

phosphoinositide-dependent protein kinase 1 (2). RNA inter-
ference (RNAI) has previously been employed to reduce the
cellular levels of PKB/Akt (11, 52), so we used this approach to
corroborate results obtained with PKB-AAA. We constructed
a U6 hairpin RNAI expression vector directed against a nucle-
otide sequence that is found in both the murine Aktl and Akt2
genes (and that is also identical to the corresponding human
sequences for these kinase genes). To test the efficacy of this
vector in suppressing cellular levels of the PKB/Akt protein, we
performed Western blot analysis on lysates from cells trans-
fected with Mu6pro-akt1/2 and compared these lysates with
lysates from cells transfected with a control vector (Mub6pro).
Expression of Mu6pro-aktl/2 reduced cellular levels of PKB/
Akt by approximately fourfold, and this suppression was evi-
dent 48 h following transfection (Fig. 3D). We therefore de-
termined the effect of Mub6pro-aktl//2 on integrin recycling.
Indeed, RNAI of PKB/Akt suppressed recycling of both avB3

(Fig. 3B) and a5B1 (Fig. 3C) integrins, indicating that endog-
enous PKB/Akt is required for delivery of these integrins from
the recycling compartment to the plasma membrane.

For comparison we also investigated the requirement for
PI(3)K and PKB/Akt for the recycling of the Tfn-R. NIH 3T3
fibroblasts were transfected with the Amaxa Nucleofector sys-
tem, which, in our hands, results in the expression of PKB-
AAA in >95% of the cells (data not shown). Transfected cells
were allowed to internalize '**I-labeled human transferrin for
either 15 min at 22°C or 30 min at 37°C, and the return of the
labeled transferrin into the medium was measured during a
subsequent chase period at 37°C. Consistent with a previous
report (34), Tfn-R recycling was partially inhibited by expres-
sion of dominant negative Rab11 (Fig. 4C). However, recycling
of '*°I-Tfn from either early endosomes (Fig. 4A) or the recy-
cling compartment (Fig. 4B and C) was completely unaffected
by inhibition of PI(3)K or expression of PKB-AAA. These data
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FIG. 3. The requirement for PI(3)K and PKB/Akt in integrin recycling. NIH 3T3 fibroblasts were transfected with human avp3 (havp3; A and
B) or ha5B1 (C) in combination with wt-PKB, PKB-AAA, Mu6pro, Mu6pro-aktl/2, N121IRab4 (DN-Rab4), or N124IRab11 (DN-Rabl1).
Serum-starved cells were surface labeled with 0.2 mg of N-hydroxysuccinimide-S-S-biotin/ml for 30 min at 4°C, and internalization was allowed to
proceed for 15 min at 22°C (A) or 30 min at 37°C (B and C). Where appropriate 100 nM wortmannin (WMN) or 60 M LY294002 was included
in the last 10 min of the internalization period. Biotin remaining at the cell surface was removed by exposure to 3-mercaptoethanesulfonic acid
(MESNa) at 4°C, and internalized integrin was chased back to the cell surface at 37°C for 10 min in the absence (open bars; control) and presence
(solid bars) of 10 ng of PDGF-BB/ml for 10 min (A) or for 30 min at 37°C in the absence of PDGF (B and C). Wortmannin and LY294002 were
included in the recycling medium where indicated. Cells were then reexposed to MESNa, and biotinylated integrin was determined by capture
ELISA using microtiter wells coated with anti-human B3 (A and B) or anti-human o5 (C) integrin monoclonal antibodies. The proportion of
integrin recycled to the plasma membrane is expressed as a percentage of the pool of integrin labeled during the internalization period. Values
are means * standard errors of the means (n > 10). To test the ability of the Akt1/Akt2 hairpin RNA to suppress cellular PKB/Akt levels, cells
were transfected with Mu6pro or Mu6pro-akt1/2 by using the Amaxa Nucleofector. Cells were lysed for 24 and 48 h following transfection, and
the lysates were probed for the presence of PKB/Akt and vinculin (as a loading control) by Western blotting (D).

indicate that growth factor-regulated “short-loop” recycling
and basal “long-loop” recycling of integrins are regulated by
the PI(3)K/PKB signaling axis, whereas Tfn-R recycling is in-
dependent of the activity of PKB/Akt.

Active PKB/Akt drives av33 integrin recycling. We wished
to determine the effect of constitutively active memb-PKB on
avB3 integrin recycling. Initially, attempts to measure this di-
rectly indicated that it was not possible to load av@3 integrin
into early endosomes upon expression of memb-PKB. Indeed
following expression of memb-PKB, avB3 appeared to remain

ing that memb-PKB does not oppose internalization but acts to
drive the recycling of integrin such that its endosomal pool is
too small to be detected easily at steady state (Fig. 5B).

To overcome the difficulty of labeling an endosomal pool of
integrin following expression of memb-PKB, we explored the
possibility of using a membrane-targeted, conditionally active
form of PKB/Akt, memb-PKB-ER. This fusion protein, in
which a membrane-targeted PKB kinase domain is fused to the
hormone binding domain of the ER, is inactive in the absence
of hormone ligand. However memb-PKB-ER becomes rapidly

on the cell surface (Fig. SA). This could be due to either the
ability of memb-PKB to stimulate recycling from the early
endosome or conversely may represent a blockade of avp3
endocytosis. To distinguish these possibilities, we determined
the internalization of avB3 in memb-PKB-transfected cells in
the presence and absence of primaquine. Upon addition of
primaquine, avB3 accumulated rapidly within the cell, indicat-

activated following the addition of 4-hydroxytamoxifen (4-HT)
and elicits cellular responses known to be a function of the
endogenous kinase (23, 27). Following expression of memb-
PKB-ER, we were able to monitor the internalization of avB33
into early endosomes (not shown) and found that the integrin
did not recycle appreciably from this compartment during the
following 15-min chase period (Fig. 5C). However activation of
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FIG. 4. '"®I-Tfn recycles independently of PI(3)K and PKB/Akt.
NIH 3T3 fibroblasts were transfected with wt-PKB, PKB-AAA, or
S24NRab11 (DN-Rabl11) by using the Amaxa Nucleofector. Cells were
then serum starved and incubated with '**I-labeled transferrin for 1 h
at 4°C. The tracer was allowed to internalize for 15 min at 22°C (A) or
30 min at 37°C (B and C), with 100 nM wortmannin (WMN) or 60 pM
LY294002 being included in the incubation for the last 10 min of the
internalization time. Tracer remaining at the cell surface was removed,
and the internalized '*I-transferrin was allowed to recycle in the
absence and presence of wortmannin or LY294002 for the times indicat-
ed. The quantity of '*I recycled into the medium is expressed as a per-
centage of the number of counts incorporated during the internaliza-
tion period. Values are means = standard errors of the means (n = 8).

memb-PKB-ER at the start of the chase period by addition of
300 nM 4-HT enhanced recycling of avp3 integrin by approx-
imately threefold (Fig. 5C). Taken together these data show
that, following expression of active memb-PKB, avp3 is re-
turned to the plasma membrane from the early endosome
without the need for growth factor stimulation, indicating that
activation of PKB is necessary and sufficient to drive the recy-
cling of avB3 integrin.
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PKB/AKkt is necessary for cell spreading. We have previously
shown that inhibition of avp3 recycling by expression of dom-
inant negative Rab4 results in reduction of cell spreading on
vitronectin (a good ligand for avp3), whereas dominant nega-
tive Rab4 did not affect the recycling of a5B1 or the spreading
of cells onto fibronectin (a good ligand for a5p1) (35). We
hypothesized that, as expression of PKB-AAA and RNAi of
endogenous PKB/Akt affect the recycling of both avB3 and
a5B1, PKB activity would be necessary for cells to spread on
vitronectin and fibronectin. Cells were transfected with wild-
type, dominant negative, and constitutively active PKBs or the
RNAI vector for PKB/Akt (Mu6pro-akt1/2), and allowed to
adhere to coverslips coated with either vitronectin or fibronec-
tin. Cells transfected with wt-PKB, memb-PKB, and the con-
trol Mu6pro vector spread normally on both matrices (Fig. 6).
However, inhibition of PKB/Akt with PKB-AAA, treatment
with wortmannin, or suppression of cellular PKB/Akt with
Mub6pro-akt1/2 resulted in inefficient cell spreading on both
matrix proteins (Fig. 6). The spread area of the cells was
reduced by approximately 50% following inhibition of PKB/
Akt signaling (Fig. 6C and F), and the cells spread abnormally
without extending a properly organized lamella (Fig. 6A and
D). These results are consistent with the idea that integrin
recycling is indeed necessary for cell spreading on the ECM.

Active GSK-3[3 suppresses integrin recycling and cell spread-
ing. Inactivation of the serine/threonine kinase GSK-3 is now
known to be required for polarized-cell migration (12), prolif-
eration (32), and the suppression of apoptosis (10), all pro-
cesses in which both avB3 and a5B1 integrins play a key role.
It is well established that the PI(3)K signaling axis inactivates
GSK-3 via PKB/Akt-dependent phosphorylation of Ser® in
GSK3-p and Ser?' in GSK3-« (6). Therefore, it is possible that
the reduction in integrin recycling and cell spreading that we
observe following addition of wortmannin or LY294002 or
expression of PKB-AAA is due to increased cellular levels
of desphosphorylated, active GSK-3. If so, pharmacological
blockade of GSK3 would relieve the inhibition of integrin
recycling effected by suppression of PKB/Akt signaling. To test
this, we investigated the effect of LiCl and two other well-
characterized inhibitors of GSK-3 (SB415286 and SB216763
[10]) in the recycling assay. Recycling of avp3 from early en-
dosomes was significantly increased by addition of 20 mM LiCl,
indicating that inactivation of GSK-3 is indeed sufficient in
itself to drive recycling from this compartment (Fig. 7A). Fur-
thermore, addition of LiCl was able partially to reverse the
blockade of avp3 recycling effected by wortmannin, and LiCl,
SB415286, and SB216763 restored integrin recycling from the
Rabll compartment in cells expressing PKB-AAA (Fig. 7B).
We therefore tested the ability of GSK-3 inhibitors to restore
cell spreading following suppression of PI(3)K and PKB/Akt.
Interestingly, LiCl, SB415286, and SB216763 completely re-
stored spreading in cells expressing PKB-AAA, and, even fol-
lowing treatment with wortmannin, the addition of LiCl par-
tially rescued cell spreading (Fig. 7C).

To extend these studies on the involvement of GSK-3 in the
PKB/Akt regulation of integrin recycling, we employed two
mutant versions of GSK-33: GSK-3B-F216, which is less active
due to lack of a key activation loop phosphorylation site, and
GSK-3B-A9, which cannot be phosphorylated and inactivated
by PKB/Akt. Following expression of GSK-3B-F216 the inte-
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FIG. 5. Active PKB/Akt drives avB3 integrin recycling. (A and B) NIH 3T3 fibroblasts were transfected with human avB3 (havp3) integrin in
combination with constitutively active PKB (memb-PKB) or PKB-AAA. Cells were serum starved and surface labeled with 0.2 mg of N-
hydroxysuccinimide (NHS)-S-S-biotin/ml for 30 min at 4°C. Internalization was initiated by warming to 37°C for the times shown in the absence
(open symbols) and presence (closed symbols) of 0.6 mM primaquine. Biotin was released from proteins remaining at the cell surface, and
biotinylated integrin was determined by capture ELISA using microtiter wells coated with an anti-human B3 integrin monoclonal antibody.
(C) Cells were transfected with hav3 in combination with the conditionally active fusion memb-PKB and the hormone-binding domain of the ER
(memb-PKB-ER). Serum-starved cells were surface labeled with 0.2 mg of NHS-S-S-biotin/ml for 30 min at 4°C, and internalization was allowed
to proceed for 15 min at 22°C. Biotin remaining at the cell surface was removed by exposure to 3-mercaptoethanesulfonic acid (MESNa) at 4°C,
and internalized integrin was chased back to the cell surface at 37°C for 15 min in the absence (open bars; control) and presence (solid bars) of
300 nM 4-HT. Cells were then reexposed to MESNa, and biotinylated integrin was determined by capture ELISA and expressed as for Fig. 3.

Values are means * standard errors of the means (n = 12).

grin recycling and cell spreading responses were normal, con-
sistent with the notion that a relatively high level of inactive
phospho-GSK-3 is present in cells to maintain integrin recy-
cling. Conversely, expression of GSK-33-A9, which would be
expected to be active even in cells that express high levels of
activated PKB/AKkt, inhibited integrin recycling and cell spread-
ing, and, furthermore, these responses were restored by phar-
macological inhibition of GSK-3 (Fig. 7). These data indicate
that PKB/AKkt activates integrin recycling and cell spreading by
suppressing the activity of GSK-3.

DISCUSSION

Here we show that PI(3)K and its downstream target PKB/
Akt are regulators of integrin recycling events. Wortmannin
treatment and blockade of PKB/Akt using dominant negative
proteins and RNAIi did not affect the internalization of inte-
grins or the Tfn-R, nor was the activity of PKB/Akt required

for the subsequent transport of these receptors to early endo-
somes or the perinuclear recycling compartment. We found no
requirement for PKB/Akt in Tfn-R recycling but show that
both avB3 and a5B1 integrins require active PKB/Akt to re-
turn to the plasma membrane. Experiments with mutant GSK-
3Bs indicate that PKB/AKkt is likely to promote integrin recy-
cling by inactivating GSK-3, and we present the finding that, if
integrin recycling and cell spreading are suppressed by expres-
sion of dominant negative PKB-AAA or RNAi of PKB/Akt,
this inhibition can be relieved by inhibition of GSK-3.
PKB/Akt and membrane recycling pathways. A number of
workers have reported that internalization of many receptors
proceeds independently of PI(3)K or PKB/Akt activity (9, 39,
41), and in agreement with this we find that the internalization
of both integrin and Tfn-R is unaffected by wortmannin treat-
ment or blockade of PKB/Akt. In addition, our data indicate
that PKB/Akt has no role to play in the transport of a5B1,
avB3, and Tfn-R to early endosomes and their subsequent
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FIG. 6. PKB/Akt is necessary for cell spreading on vitronectin and fibronectin. NIH 3T3 fibroblasts were transfected with wt-PKB, memb-PKB,
PKB-AAA, Mu6pro, or Mubpro-akt1/2 in combination with a B-galactosidase transfection marker. The cells were then briefly trypsinized and
allowed to adhere to either vitronectin (A to C) or fibronectin (D to F) in the presence of 10 ng of PDGF-BB/ml and in the presence and absence
of wortmannin (WMN; 100 nM). Attached cells were fixed and stained for B-galactosidase expression and then photographed with a digital camera.
In panels C and F, the area of the transfected cells was then determined by delineation of the cell envelope using the National Institutes of Health
Image software. Values are means * standard errors of the means (n > 200 cells). CON, control. Cells expressing HA-tagged PKBs were visualized
with a FITC-conjugated anti-HA antibody (green) and counterstained with Texas Red-conjugated phalloidin (red) (A and D). Scale bars, 16

(D) and 80 pm (E).

delivery to the Rabll-positive perinuclear recycling compart-
ment. This indicates that the inhibitory effects of PKB-AAA on
integrin recycling are not due to reduced “inward” transport of
receptors or to overt disturbance of the structure and function
of the early and recycling endosomes.

So how does PKB/Akt regulate integrin recycling? There is
evidence to suggest that PI(3)K and PKB/Akt are involved in
activating Rab proteins. The possibility that Rabs may be ac-
tivated downstream of PI(3)K was first suggested by the ob-
servation that insulin can stimulate GTP exchange onto Rab4
in a fashion that was opposed by wortmannin (40). Addition-
ally, other Rabs have been shown to be activated downstream
of the PI(3)K/PKB/Akt axis. For instance, in Dictyostelium,
following the sequential activation of PI(3)K and PKB/Akt,

Rab7 is recruited to macropinosomes (36), and Rab5-medi-
ated internalization events also require PKB/Akt activity (3).
However, it is well established that Tfn-R recycling is a Rab4/
Rabl1-dependent event, and our data show that there is no
requirement for PKB/Akt or for a wortmannin- or LY294002-
sensitive PI(3)K in the return of ***I-Tfn to the plasma mem-
brane in NIH 3T3 fibroblasts. This indicates that PI(3)K and
PKB/Akt do not influence Rab function per se and are, there-
fore, more likely to regulate the transport of integrin recycling
vesicles themselves, and it will be interesting to determine
whether these are distinct from the organelles that recycle Tfn.

It is apparent from our data that the length of time that an
integrin spends within the cell before returning to the plasma
membrane depends on the cellular activity of PKB/Akt. For



VoL. 24, 2004

>

PKB/Akt AND INTEGRIN RECYCLING 1513

o~

80 =
BO o I
.8 I I T T
g 60 -
> - GO X
o >
g 8
§ 40 4 =8 <40 -
2 P
20 4 20
[ QQ"Q\ (V] ‘x\s\;"°‘“o‘ @v‘r‘@f‘s
& S S FIFFE £
< ¥ FESTF & ¥
§ Ty P2 o &
o F ¥ 4
q*'“&v'-‘;dv?
C e
120 4 T ©
N
[V
wod £ II I T &
> %
£ 30 B o
s
o T =
= 60 - o
o <
» &
2 404 g
8
20 4
. a . a [-.]
TSSOl oo oo 1§
FEF FIESTSL S5 F 52
X X b ol K é‘ o) N
K3 K & A2l + o P 3
§ FFFTF P X o
Fep S & O K
& &y *?“ +

FIG. 7. Integrin recycling and cell spreading are suppressed by active GSK-3B. (A and B) NIH 3T3 fibroblasts were transfected with human
avP3 (havP3) in combination with wt-PKB, PKB-AAA, Mu6pro, Mu6pro-akt1/2, GSK-3B-F216, or GSK-3B-A9. Serum-starved cells were surface
labeled with 0.2 mg of N-hydroxysuccinimide-S-S-biotin/ml for 30 min at 4°C, and internalization was allowed to proceed for 15 min at 22°C (A) or
for 30 min at 37°C (B). Recycling was determined as for Fig. 3; recycling conditions were 10 min at 37°C in the absence (open bars; control) and
presence (solid bars) of PDGF-BB (10 ng/ml) (A) or for 30 min at 37°C in the absence of PDGF (B). One hundred nanomolar wortmannin
(WMN), 20 mM LiCl, 10 pM SB216763, and 30 uM SB415286 were included during the recycling period where indicated. Values are means *+
standard errors of the means (SEM; n > 10). CON, control. (C and D) NIH 3T3 fibroblasts were transfected with wt-PKB, PKB-AAA, Mu6pro,
Mub6pro-akt1/2, GSK-3B-F216, or GSK-3B-A9 in combination with a B-galactosidase transfection marker, and cell spreading on vitronectin was
determined as for Fig. 6. Cells were spread in the presence of 100 nM wortmannin, 20 mM LiCl, and 30 pM SB415286 as indicated. Values are

means = SEM (n > 80 cells).

instance, if cells are expressing active PKB/Akt or if PDGF is
added, avp3 integrin returns to the plasma membrane from
early endosomes. If cells are serum starved for 30 min, the
integrin is transported further into the cell (i.e., to the perinu-
clear recycling compartment) before being recycled. Further-
more, if PKB/AKkt is strongly suppressed by wortmannin treat-

ment, RNAI, or expression of PKB-AAA, or indeed if cells are
serum starved for longer times (not shown), a581 and avB3
integrins are not recycled efficiently from either early endo-
somes or the recycling compartment and accumulate within
the cell. These differences are likely to be due to changes in the
balance between the inward and outward transport of integrins



1514 ROBERTS ET AL.

in the endocytic pathway. Interactions of endocytic cargo with
microtubules and microtubular motors are necessary for move-
ment of endocytic vesicles, and the nature of these is likely to
define the cargo’s direction of travel (38). a581 has recently
reported to be associated with the kinesin-associated adaptor,
kinectin (44), and kinesins mediate the transport of vesicles
toward the plus ends of microtubules at the cell periphery and,
therefore, favor recycling. Experiments with GSK-3 inhibitors
and mutant GSK-3Bs indicate that PI(3)K and PKB/Akt
achieve their effects on integrin transport via the inactivation
of GSK-3, and it is now clear that GSK-3 phosphorylates the
kinesin light chain (30). This phosphorylation inhibits the abil-
ity of kinesin to transport vesicular cargo toward the plus ends
of microtubules. Inactivation of GSK-3 by PKB/Akt may,
therefore, favor the transport of integrin vesicles toward the
cell periphery. Furthermore, it is now clear that GSK-3 plays
a key role in the regulation of cell migration and the develop-
ment of cell polarity by inducing the interaction of adenoma-
tous polyposis coli (APC) protein with the plus ends of micro-
tubules (12). A physical link between APC and kinesin has
recently been reported (18), and it is possible that this is re-
sponsible for targeting integrins to particular cellular regions.

It is interesting that PDGF-dependent avB3 recycling was
only partially inhibited by wortmannin treatment or expression
of PKB-AAA (Fig. 3A). Studies under way in our laboratory
indicate that the remaining component of growth factor-in-
duced recycling is under the control of other PDGF-activated
signaling pathways, and this will be the subject of further in-
vestigation.

The endocytic pathway and integrin function. PI(3)K has
long been known to be involved in inside-out regulation of
integrin function (17), and a more recent report highlights the
role that PKB/Akt may play in this process (5). PI(3)K activity
may activate integrins via the recruitment of PH domain-con-
taining proteins to the membrane, which then influence inte-
grin cytoplasmic tails and cause subsequent heterodimer acti-
vation, as has been demonstrated for the activation of B2
integrins by cytohesin-1 (24). PKB/Akt may do this, although
this is unlikely, as memb-PKB and memb-PKB-ER clearly
promote avp3 recycling and these are targeted to the mem-
brane not by a PH domain but by N-terminal myristoylation
(27). Another possible route for direct regulation of integrin
function by PKB/Akt is via direct phosphorylation of Thr”>? of
the B3 integrin cytodomain (22). However, in [**PJorthophos-
phate labeling experiments we have been unable to detect
phosphorylation of either avp3 or a5B1 in NIH 3T3 fibroblasts
(not shown), even following expression of constitutively active
PKB/Akt.

Many of the questions surrounding integrin inside-out acti-
vation remain unsolved, and it is possible that the endosomal
pathway contributes to this phenomenon. Indeed, a consider-
able proportion of active, high-affinity avf3 integrin has been
observed within cytoplasmic vesicles in oligodendrocytes (4)
and endothelial cells (21). The luminal pH of endosomes is
lower than that of the extracellular medium, and it is well
established that this dissociates lysosome-destined ligands
from receptors that are recycled (1, 51). Therefore, if avB3 and
a5B1 were internalized with their ligand-binding pockets oc-
cluded with fragments of ECM proteins, it is likely that integrin
and ligand would separate in endosomes, and the integrin
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could then be returned to the plasma membrane competent to
reengage the ECM. A number of signaling pathways result in
increased endosome acidification (53), and recently a regula-
tory subunit of the V-ATPase E has been shown to bind to
Sosl (28). This association may form part of the mechanism
whereby endosome acidification could be driven by receptor
tyrosine kinase signaling. Miura et al. (28) have reported that
overexpression of V-ATPase in COS cells enhanced the ex-
change of GTP onto Racl. Given that we have found that the
endosomal pathway modulates integrin function and that en-
gagement of integrins is known to activate Racl (33), it would
be interesting to determine whether integrin recycling medi-
ates the influence of endosomal pH on Racl function.

Cell survival is correlated with the degree of spreading on
fibronectin and vitronectin, and it is now well established that
integrins can prevent anoikis by enhancing binding to the ECM
(26). GSK-3 is also emerging as a key cell survival factor, and
inhibitors of GSK-3 are known to protect against apoptosis
(10). Our results are consistent with a mechanism whereby
PKB/Akt-mediated inactivation of GSK-3 promotes cell sur-
vival by maintaining a plasma membrane pool of functional
antiapoptotic integrins, and in this regard it would be interest-
ing to investigate the requirement for endosomal recycling in
the maintenance of cell survival.
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